The Membranome database was developed to assist analysis and computational modeling of singlepass (bitopic) transmembrane (TM) proteins and their complexes by providing structural information about these proteins on a genomic scale. The database currently collects data on >6000 bitopic proteins from Homo sapiens, Arabidopsis thaliana, Dictyostelium discoideum, Saccharomyces cerevisiae, Escherichia coli and Methanocaldococcus jannaschii. It presents the following data: (i) hierarchical classification of bitopic proteins into 15 functional classes, 689 structural superfamilies and 1404 families; (ii) 446 complexes of bitopic proteins with known three-dimensional (3D) structures classified into 129 families; (iii) computationally generated three-dimensional models of TM ␣-helices positioned in membranes; (iv) amino acid sequences, domain architecture, functional annotation and available experimental structures of bitopic proteins; (v) TM topology and intracellular localization, (vi) physical interactions between proteins from the database along with links to other resources. The database is freely accessible at http://membranome.org. There is a variety of options for browsing, sorting, searching and retrieval of the content, including downloadable coordinate files of TM domains with calculated membrane boundaries.
INTRODUCTION
Proteins with a single transmembrane (TM) ␣-helix (i.e. bitopic) represent the most abundant and functionally diverse category of membrane proteins (1) . These proteins participate in cell adhesion and communication, regulation of signaling, transport and metabolism, immune response, cell death and complex developmental processes (1, 2) .
Most bitopic proteins are composed of one or several water-soluble domains and a TM ␣-helix that frequently forms dimers or larger complexes with other membrane proteins. Water-soluble domains are usually crystallized and studied after removal of TM helices. Structural studies of TM ␣-helices and their oligomers are seriously impeded by their instability, flexibility and high heterogeneity that depend on surrounding lipids or detergents. Therefore, experimental three-dimensional (3D) structures of bitopic proteins from the protein data bank (PDB) (3) are mostly represented by water-soluble domains, and to a much lesser extent by their TM ␣-helices in monomeric or oligomeric forms or as a part of large multiprotein complexes.
The limited structural information on bitopic proteins can be significantly expanded by computational modeling of their hydrophobic TM ␣-helices, which are structurally simple and can be reliably predicted. Locations and topologies of TM segments in protein sequences can be determined using more than 20 computational methods (4) (5) (6) (7) . 3D models of predicted TM ␣-helices can be generated and optimized in membrane using FMAP (8) , Ez-3D (9) servers or Coarse-Grained Molecular Dynamic simulations (10) . Structural modeling of TM ␣-helical dimers can be performed by PREDDIMER (11) , CATM (12) or EFDOCK-TM (13) methods.
Nevertheless, our understanding of structure-function relationships of bitopic proteins, including their ability to form functional oligomers in membranes is still very limited. Even the exact number and topology of bitopic proteins from different proteomes remains unknown due to their frequent misprediction, which usually happens due to confusion between functional TM ␣-helices and cleavable hydrophobic N-terminal signal sequences (5, 7, 14, 15) or C-terminal helices that are substituted by glycosylphosphatidylinositol (GPI) anchors during protein maturation (16) . Hence, UniProt (17) and HTP (Human Transmembrane Proteome) (18) databases provide partly different sets of human bitopic proteins (2377 and 2507, respectively).
The lack of resources that combine and classify all available experimental and structural information on bitopic proteins at the genomic scale hampers their systematic analysis, which is essential to understand functional dynamics and evolution of this most abundant class of membrane proteins. Creation of a comprehensive database for bitopic proteins is a starting point for comparative structural analysis and modeling of individual TM helices and functionally relevant dimeric complexes of bitopic proteins.
DATABASE CONTENT
The Membranome database (http://membranome.org) was created to facilitate the large-scale modeling and analysis of individual TM ␣-helices that serve as structural and evolutionary units of membrane proteins. The database compiles and organizes diverse data on bitopic proteins with links to a variety of external resources. This information includes: amino acid sequence, domain architecture, protein topology in membrane, intracellular localizations, interaction partners, available 3D structures of TM and watersoluble domains and their complexes, oligomeric states, protein functions and involvement in metabolic pathways. More importantly, it provides the following data not found in other databases: (i) a browsable hierarchical classification of whole proteins, rather than of protein domains; and (ii) 3D models of TM ␣-helical domains in membranes, generated by our FMAP method (8) . The database also includes a set of homo-and hetero-oligomeric bitopic protein complexes whose 3D structures (usually for the water-soluble domains) are available in the PDB. The complexes are classified into families, similar to that for individual proteins.
PREDICTION AND MODELING OF TM ␣-HELICES
Over 30 computational methods can be used to predict TM segments in protein sequences (4) (5) (6) (7) . However, none of them focuses on correct determination of TM helix ends that usually lay outside membrane boundaries and are important for helix-helix interactions. Besides, these methods were not designed to evaluate the free energies of helix folding and transfer to the membrane environment, which are important physico-chemical characteristics of TM ␣-helices. To address these issues and perform a large-scale 3D modeling of TM ␣-helices of bitopic proteins, we used our FMAP (Folding of Membrane-Associated Peptides) method (19) . FMAP was applied for the following purposes: (i) to identify individually stable TM ␣-helices in protein sequences by calculating the free energy of folding of an ␣-helix in membrane relative to coil in water (ΔG fold ); (ii) to define helix hydrophobicity by calculating the transfer energy of an ␣-helix from water to the lipid environment (ΔG transf ); (iii) to generate all-atom 3D models of TM helices; and (iv) to define spatial positions of TM helices in the lipid bilayer along with corresponding parameters (hydrophobic thicknesses and tilt angles).
FMAP was developed as a thermodynamics-based approach to predict stability and lengths of ␣-helices in different environments (water, micelles, membrane and protein interior). It combines a thermodynamic model of helix-coil transition implemented in Framework (20) Both methods have been extensively tested for peptides and proteins in micelles and membranes (20) (21) (22) (23) . Generation of all-atom 3D models (including the N-cap residue) of predicted ␣-helical segments, is based on structural templates that represent straight or Pro-kinked ␣-helices. The side chain rotamers are automatically selected to represent energetically preferred conformers from the library (24) and optimize transfer energy of side-chains from water to the lipid bilayer. In calculating ΔG transf of modeled TM ␣-helices, PPM2.0 approximates solvent properties of the anisotropic membrane environment by transbilayer profiles of polarity parameters of the fluid dioleoyl-phosphatidylcholine bilayer (21) . Details of the method are described in the Membranome website. (http://membranome.org/about. php?subject=methods). The method is available through the FMAP web server (http://membranome.org/server. php).
Testing FMAP on a set of 139 bitopic proteins with known structures from 83 PDB entries (Supplementary Table S1) showed its ability to correctly identify all TM ␣-helices in these proteins with average errors in N-and Ctermini prediction of 2.2 and 3.0 residues per helix, respectively (Supplementary Figures S1A and B, S2). The average accuracy in prediction of hydrophobic thicknesses for single-pass TM-helices was 2.4 ± 2.0Å (Supplementary Figure S1C) . The latter is similar to the accuracy of the underlying PPM method that was shown to successfully reproduce hydrophobic thicknesses and tilt angles of experimentally studied peptides and proteins in the lipid bilayer (21, 22) . Tilt angles calculated by FMAP for individual TM helices were found to deviate from those in experimental structures, especially for protein oligomers and proteins with loops or water-soluble domains. In these cases, changes in orientations of TM ␣-helices are caused by helix-helix association or by interactions of peripheral domains and loops with the membrane interface. In addition, the calculations with PPM and FMAP demonstrated that single TM ␣-helices can experience much greater fluctuations of tilt angles (up to 10
• within the energy gap of 1 kcal/mol) than multi-helical TM proteins (22) . Our testing also demonstrated that FMAP performed similarly to Phobius in prediction of location of TM helices in amino acid sequences: 86.1% of TM helices of 4831 proteins identified as bitopic by FMAP (similarly annotated in UniProt) showed 80-100% sequential overlap with Phobious predictions, 10.4% of helices predicted by FMAP had 1-79% overlap with Phobius predictions, and only 3.5% of helices were not predicted by both methods simultaneously (Supplementary Table S2 ). However, FMAP should not be used as a general method of TM helix prediction in membrane proteins, as its performance has not yet been sufficiently tested on polytopic proteins.
Similar to other computational methods (4-7), FMAP occasionally produces false positive predictions by identifying cleavable N-and C-terminal hydrophobic fragments and long hydrophobic helices from water-soluble domains as potential TM helices. Therefore, it was important to filter out all false-positive predictions from the initial set of potential TM helices generated by FMAP. That was done by excluding all predicted TM helices that were annotated as cleavable signal or C-terminal segments in UniProt and Pfam (release 28) (25) . All hydrophobic helices that overlap with water-soluble domains found in Pfam, InterPro (26) or PDB databases were also removed. Human intervention and analysis of related publications were required to resolve some ambiguous cases.
PROTEIN SET
A set of bitopic proteins was prepared using amino acid sequences from UniProt Swiss-Prot and TrEMBL (http:// www.uniprot.org/help/2016/01/20/release) (17) . Fragments and alternative isoforms of the same protein were not included. Identification of bitopic proteins in six proteomes was performed in two steps. First, all proteins with one or two potential TM ␣-helices were predicted by FMAP. Only helices of 15 to 40 residues with negative ΔG fold and ΔG transf values and predicted TM orientation in the lipid bilayer were selected. Second, this initial protein set was filtered as described above to exclude secreted proteins (with Nterminal signal sequence), GPI-anchored proteins, watersoluble proteins with a hydrophobic helix within protein interior, as well as remaining two-helical TM proteins.
The database currently contains 6041 single-pass TM proteins from six organisms: 2531 proteins from Homo sapiens, 2083 proteins from Arabidopsis thaliana, 648 proteins from Dictyostelium discoideum, 513 proteins from Saccharomyces cerevisiae, 196 proteins from Escherichia coli K-12 and 70 proteins from Methanocaldococcus jannaschii (Figure 1) .
These protein sets show 76%, 85% and 92% overlap with bitopic protein sets from UniProt Swiss-Prot for well annotated proteomes (of E.coli, S.cerevisiae, H. sapiens, respectively) (Figure 2) . A few proteins annotated as bitopic in UniProt were predicted as not having any TM helices by FMAP. All such proteins were not included in Membranome because we could not find any experimental evidence in publications that they actually have a single TM helix. On the other hand, we identified a significant number of single-pass TM proteins in sequences of unreviewed proteins from TrEMBL, mostly for the least annotated proteomes of A.thaliana and D. discoideum (847 and 390 additional proteins, respectively) ( Figure 2) . As a result, protein sets for these species were almost 2-fold expanded relative to the annotated UniProt sets. In most cases, same TM helices in TrEMBL entries were also predicted by Phobius and annotated as bitopic proteins in Pfam. Many newly added . The main differences appeared because of inclusion in Membranome of many proteins from TrEMBL. Further, our protein set was curated to remove all false-positive predictions and to comply with published data. In contrast, the HTP database, which is based on fully-automated methods, has a number of obvious mispredictions. For example, HTP considers some watersoluble or peripheral proteins with hydrophobic segments as TM proteins (e.g. PPL13 HUMAN, SPB4 HUMAN, SNX1 HUMAN), because TM helices were consistently predicted in these proteins by different computational methods. In some cases, HTP incorrectly defines the type of TM proteins, e.g it assigns the well-studied single-pass TM protein TYOBP HUMAN (27) to two-helical TM proteins.
PROTEIN CLASSIFICATION, LOCALIZATION AND TOPOLOGY
Whole proteins, rather than individual domains, were classified into 15 functional classes, 689 superfamilies and 1404 families. The assignment to functional classes (receptors, ligands/regulators, structural/adhesion, proteins involved in biogenesis, membrane remodeling and vesicular trafficking, molecular transport, gene regulation, 6 classes of enzymes and proteins with undefined function) was based on UniProt, Pfam, InterPro and other published annotations (2) .
Proteins with similar domain architecture were grouped into superfamilies, which frequently correspond to clans or families in Pfam, MEROPS (28) , CAZy (29) or superfamilies in Uniprot or other classifications (2) . Allocation of proteins to families followed UniProt and InterPro classifications, if available. Otherwise, the proteins were classified into families using Panther (30) or by sequence analysis of paralogues and orthologues from KEGG (31) . The links to the corresponding Pfam or InterPro families were provided, whenever possible. Different subunits of multiprotein complexes were included as families of the same superfamily. A similar classification to families and classes was created for bitopic protein complexes with experimentally determined structures.
Assignment of eukaryotic proteins to 22 types of cellular and intracellular membranes was based on information from UniProt and COMPARTMENTS (32) databases. Protein topology (membrane side associated with N-terminus, 'In' or 'Out') was assigned using information from UniProt, TOPDB (33), PDB and publications, including direct experimental studies of TM protein topology, locations of watersoluble domains in specific intracellular compartments and post-translational modifications.
DATABASE ORGANIZATION
Access to the database is provided through a menu on the website that allows browsing of the content for individual proteins or their complexes by protein classes, superfamilies, families, localizations in different membrane types and species. Users can also access each of the six proteomes separately by using 'Select Species' button. Then the picture of the selected organism appears below the button. The database can be searched using text (protein names, keywords), UniProt ID and PDB IDs.
Pages are dynamically generated for every level of hierarchical classification including superfamilies, families, individual protein and protein complexes. To facilitate retrieval and analysis of data, these pages were organized as sortable lists and tables supplemented by images, internal and external links. For example, one can compare membrane interaction modes of evolutionarily related proteins from the database by navigating to a protein superfamily page that simultaneously displays images of TM domains of all proteins from the superfamily with calculated membrane boundaries, along with the table presenting all calculated parameters. Sorting in the tables can be done based on the content of different fields, such as protein family code, protein name, UniProtKB ID, localization (membrane type) and parameters of TM segments (position in sequence, hydrophobic thickness, tilt angle, ΔG fold and ΔG transf ).
Each 'protein page' (Figure 3 ) provides protein names, classification, source organism, intracellular localization, structural and functional information, association with metabolic pathways and interactions with other bitopic proteins. Structural information includes amino acid sequence with TM segment indicated in red (whole TM helices marked by blue color), domain architecture, topology in membrane and links to experimental structures of watersoluble and TM domains and their complexes available in PDB and OPM (34) . Protein sequences and annotations were taken from UniProt. Further, for each protein, the database provides an FMAP-generated 3D model of a TM ␣-helical domain as a coordinate file supplemented by the static and dynamic images and the following calculated parameters: position in the amino acid sequence, topology in membrane, hydrophobic thickness, tilt angle, stability of the helix relative to membrane-bound coil (ΔG fold ) and transfer free energy of the helix from water to membrane (ΔG transf ).
Each 'protein complex page' is constructed similarly and provides intracellular localization and classification of the complex. Currently these pages were created only for complexes with experimentally determined 3D structures. Information on other direct interactions between bitopic proteins from Membranome was included on 'protein pages'. This information was compiled from Arabidopsis Interactome (35) , ConsensusPathDB (36), IntAct (37) and BioGRID data (38) . Potential interactions with other proteins not included in the database can be found by following links to STRING (39) . The 'protein complex pages' and 'protein pages' are linked to each other.
To expand information on each protein, we included relevant links to gene repository HGNC (40) , to metabolic pathway databases, KEGG, Reactome (41) and HMDB (42) , and to information-citation databases, iHOP (43) and PubMed.
The visualization of 3D models is provided by static images generated using scripts for PyMOL (44) and dynamic images that can be interactively displayed in Jmol. Coordinate files of 3D models of TM domains with hydrocarbon core boundaries marked by dummy atoms can be downloaded in PDB format either individually for each protein or as a single file for all proteins.
To help the first-time user, the database has an 'ABOUT Membranome' section that introduces general database features, such as protein sets and classification, and describes the underlying FMAP method and its verification (http://membranome.org/about.php). The 'Analysis of Bitopic Proteins' subsection shows differences in lengths of TM ␣-helices, their hydrophobic thicknesses, helix stabilities and transfer energies between proteins associated with different types of biological membranes. For example, this analysis shows that TM ␣-helices of bitopic proteins from plasma membranes have significantly higher stability and hydrophobicity (ΔG fold ∼−20 kcal/mol, ΔG transf ∼−26 kca/mol) than TM ␣-helices of bitopic proteins from inner mitochondrial membranes (ΔG fold ∼−17 kcal/mol, ΔG transf ∼−8 kca/mol) (Figure 7 in website).
MAINTENANCE AND UPDATE
Membranome is a relational database of 18 tables. It was developed with PHP, MySQL and the Smarty engine, which separates the program logic (PHP, MySQL) and presentation (XHTML, CSS, JavaScript), and enables caching. The database content is partially curated and will be annually updated using SQL queries. The curation includes protein filtering and selection, as well as classification of individual proteins and their complexes into families and superfamilies and cross-verification of protein topology and intracellular localization obtained from different sources. The database content is provided as downloadable files (sql and text).
CONCLUSIONS
The Membranome database is the first comprehensive resource on bitopic proteins from six complete genomes. This is a unique resource that provides all-atom 3D models of TM domains for more than 6000 bitopic proteins along with extensive structural and functional information on these proteins and their complexes. It also offers an original classification of whole proteins rather than their domains, which is different and more complete for bitopic proteins of selected species than classifications provided by other individual databases (UniProt, InterPro, Pfam). In the near future, the database will be populated by 3D models of TM ␣-helical dimers that can be either experimentally determined or generated using computational methods, such as (11) (12) (13) . Integration of available information on bitopic proteins in a single place will be useful for the proteome-wide analysis of structure, function and evolution of this largest, but a poorly studied class of membrane proteins. The computational modeling and comparative analysis of structural features of single-pass membrane proteins and their complexes is important to understand energetics and structural features of TM helices that guide their insertion and oligomerization in membranes.
